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Sciences, School of Veterinary Medicine, Purdue University, West Lafayette, IndianaABSTRACT Mechanical signals transferred between a cell and its extracellular matrix play an important role in regulating
fundamental cell behavior. To further define the complex mechanical interactions between cells and matrix from a multiscale
perspective, a biaxial testing device was designed and built. Finite element analysis was used to optimize the cruciform
specimen geometry so that stresses within the central region were concentrated and homogenous while minimizing shear
and grip effects. This system was used to apply an equibiaxial loading and unloading regimen to fibroblast-seeded tissue
equivalents. Digital image correlation and spot tracking were used to calculate three-dimensional strains and associated strain
transfer ratios at macro (construct), meso, matrix (collagen fibril), cell (mitochondria), and nuclear levels. At meso and matrix
levels, strains in the 1- and 2-direction were statistically similar throughout the loading-unloading cycle. Interestingly, a significant
amplification of cellular and nuclear strains was observed in the direction perpendicular to the cell axis. Findings indicate that
strain transfer is dependent upon local anisotropies generated by the cell-matrix force balance. Such multiscale approaches
to tissue mechanics will assist in advancement of modern biomechanical theories as well as development and optimization
of preconditioning regimens for functional engineered tissue constructs.INTRODUCTIONThe physical aspect of cell-extracellular matrix (ECM)
interactions is known to be a powerful modulator of cell
fate both in vitro and in vivo (1,2). In particular, in vitro
systems consisting of engineered tissue equivalents (cells
plus substrate/matrix) have been specially designed and
used to demonstrate that fundamental cell behaviors,
including proliferation, differentiation, and migration, as
well as matrix remodeling and metabolism are modulated
by mechanical-based microenvironmental cues such as the
density and spatial distribution of cell adhesion ligands
and substrate/matrix stiffness (3–8). It is also well estab-
lished that cells respond to externally applied deformation
or strain as induced by mechanical loads including hydro-
static pressure, fluid shear, compression, and extension
(9). Traditionally, these experimental setups have been
used to gain information at only a single size scale thereby
yielding limited insight regarding the hierarchical and
dynamic transmission of loads between cell and matrix
components.
Mechanotransduction represents the process by which
cells transmit and translate mechanical stimuli from their
external microenvironment into biochemical signals that
ultimately dictate their phenotype and function. In vivo,
connective tissue cell types and their associated stem and
progenitor cells reside within a three-dimensional (3D)
ECM consisting of networks of collagen fibrils surrounded
by an interstitial fluid phase. Tethered to the matrix
primarily through integrin-mediated adhesions, cellsSubmitted August 12, 2011, and accepted for publication February 3, 2012.
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0006-3495/12/03/1303/10 $2.00respond to tissue-specific tensional loading, which may be
uniaxial in nature as observed for tendon and ligament or
multiaxial, as seen in skin and blood vessel. In fact, a
primary pathway governing transmission and transduction
of mechanical stimuli to changes in cell response is thought
to involve integration of ECM, integrin-mediated focal
adhesions, cytoskeleton, and nucleus (10).
Traditionally, the in vivo cell microenvironment has been
mimicked by entrapping cells within reconstituted or self-
assembled collagen matrices to create 3D engineered tissue
equivalents. Precision-tuning of collagen polymerization
conditions (e.g., collagen concentration, pH, monomer/
oligomer content, and composition of noncollagenous and
collagenous molecules) can be used to systematically vary
critical matrix features including fibril microstructure
(e.g., fibril density, fibril diameter, and extent of interfibril
branching), matrix stiffness, and interstitial fluid viscosity
(11–14). The application of tissue equivalents for tensional
deformations and mechanobiology studies has primarily
focused on uniaxial stretch to fibroblast-based constructs
(15–18). More recently, biaxial methods of applying stretch
have also been explored (19). Because the majority of
studies have focused primarily on tissue level deformations
and forces and/or associated biochemical processes, little is
known about how strains are transferred from the tissue
level through the collagen fibril network to the cell
periphery and within the cell itself.
This work builds upon the collective perspectives and
insight obtained from previous loading devices and mecha-
nobiology approaches for purposes of designing and
implementing a single device that 1), provides multiaxial
mechanical deformation and force measurement; 2),doi: 10.1016/j.bpj.2012.02.007
1304 Bell et al.controls relevant environmental conditions to extend
viability of cells during micromechanical evaluation; and
3), facilitates strain measurement on multiple size scales
from macro to micro level. Herein, the term macro refers
to measurements and features on the order of 1–10 mm
and can be considered equivalent to tissue level deforma-
tions. In contrast, microscale measurements are conducted
in terms of mm and are relevant to the size scale of a single
cell, including organelles (e.g., mitochondria and nucleus)
and its surrounding collagen fibrils. Finally, mesoscale
refers to a size scale between micro and macro levels. Meso-
scale measurements are on the order of hundreds of mm and
encompass multiple cells.
The system described herein consists of a multiaxial
testing system that can be coupled with confocal micros-
copy and also incorporates environmental control features
allowing specimens to remain viable under prescribed
temperature, humidity, and gas tension. Additionally, the
boundary conditions associated with the design of a cruci-
form-shaped specimen as well as methods for preparing
and preconditioning collagen-based tissue constructs for
homogeneous distribution and reproducibility of quantified
strains were identified. Finally, experiments demonstrating
the use of the integrated biaxial loading-imaging system
for hierarchical tissue mechanics analyses were conducted
on fibroblast-seeded, collagen-based tissue equivalents sub-
jected to incremental, equibiaxial loading-unloading cycles.
As part of these studies, 3D strains and associated strain
transfer ratios were quantified and compared at macro-,
meso-, matrix-, cell cytoplasm, and nuclear levels. To the
best of our knowledge, this is the first description of a
comprehensive, computer-controlled biaxial loading system
that supports visualization of changes in cell and/or matrix
components as well as associated force-deformation anal-
yses at multiple size scales within an environmentally
controlled setting. Furthermore, use of vital dyes supports
mechanobiology studies aimed at defining specific mecha-
notransduction mechanisms between cells and matrix.MATERIALS AND METHODS
Refer to the Supporting Material.RESULTS
Performance of biaxial mechanical testing device
The resulting biaxial mechanical testing device supports
displacement, force, and time-controlled mechanical testing
regimens. As such, this instrument can perform most routine
quasistatic and dynamic biomechanical analyses including
creep, stress relaxation, and oscillatory stretch. Actuator
performance was validated by calculation of reposition
errors as defined by the difference between desired or ex-
pected positions. Though errors were different among actu-Biophysical Journal 102(6) 1303–1312ators, the behavior was consistent along the entire 5 mm
actuation distance for each actuator and not correlated to
move distance (p < 0.05). Average reposition errors were
as high as 10 mm, which equates to 0.03% strain for a
30 mm length specimen (as measured between the clamp
regions).
Force transducer sensitivity, defined as the amplitude
of noise from the strain bridge module, was found to be
250 nN. Accuracy, which represents the sum of linearity
(0.1%), hysteresis (0.03%), and repeatability (0.05%)
errors, was calculated at 850 nN. As such, specimens having
an initial cross-sectional area of 8.25 mm2 would demon-
strate a stress uncertainty of ~100 Pa. The force transducers
were very compliant, which led to measured discrepancies
between assumed and actual specimen deformations.
Compensation for this discrepancy was achieved by
accounting for measured beam force-deflection characteris-
tics in the control software.Optimization of test specimen format
The specimen format was designed and optimized to allow
free edge expansion in each of two, orthogonally oriented,
lateral directions. In addition, it was desired that the central
region demonstrate homogenous stress and strain states
while minimizing grip and shear effects. Basic dimensions
of end blocks (5 mm  20 mm) and the central region
(5 mm  5 mm) were kept constant (Fig. 1 A). The radius
of the attachment arm junction was the only design param-
eter modulated and optimized using finite element simula-
tions. The effect of this geometric variable was evaluated
based on von Mises stress criterion by comparing peak
stress locations, magnitudes, and distributions (Fig. 1 B).
Both neo-Hookean hyperelastic and linear models were
used to predict stress distribution as the attachment arm
radius was varied from 0.5 to 5 mm. As shown in Fig. 1,
C and D, both models predicted that minimization of the
radius of the attachment arm junction maximized stresses
within the central region while diminishing the stress at
the clamp interface. However, this outcome came at the
cost of increased stress concentrations at arm attachment
points. Therefore, a radius of 1 mmwas chosen as a compro-
mise to minimize stress at the attachment blocks and main-
tain uniformity of stress and strain fields within the central
region.
Measurement of macro level strains within cruciform-
shaped tissue equivalents using digital image correlation
(Fig. 2 A) revealed that strains within the central region of
the specimen were linearly related to the applied strain
(Fig. 2 B). Least squares analysis of measured versus
applied strain followed by multiple comparison of the re-
sulting slopes indicated that normal strains εxx and εyy
were not statistically different (p ¼ 0.175). Regression of
the combined strain responses (εxx and εyy) resulted in a
slope of 0.5735 0.022 (Fig. 2 B). Shear strains (εxy) within
FIGURE 1 Basic geometry of cruciform-shaped
tissue construct with dotted regions representing
the hook-and-loop fastener end blocks (A). Spec-
imen geometry was optimized based upon the
von Mises stress distribution (B) as determined
using finite element analysis of a neo-Hookean
hyperelastic material model. The attachment arm
radius (R1) was varied between 0.5 and 5.0 mm,
whereas all other parameters were held constant.
von Mises stress distribution along the length
of a specimen as determined using finite element
analysis based upon linear (C) and neo-Hookean
hyperelastic (D) models. Both models provided
similar predictions for stress distribution in the
central region and stress risers as the attachment
interface.
Strain Analysis of Tissue Equivalents 1305this region were small with a slope of 0.0665 0.009. Eval-
uation of strain variation along the loading axes at the
maximum applied stretch of 1.05 revealed a center-most
region of ~2 mm2 where ε11 and ε22 were equal and ε12
was minimized (Fig. 2 C). Here, ε11 and ε22 refer to strains
parallel and perpendicular to midsection lines, whereas ε12
refers to shear strains. Errors in strain measures were quan-
tified as the residual strain at the end of the stretch cycle.
Residual strains were very small (εxx ¼ 0.11 5 0.11%,
εyy ¼ 0.07 5 0.21%, εxy ¼ 0.05 5 0.04%) and were on
the same order as actuator position accuracy (0.2%).Hierarchical strain profile of fibroblast-seeded
tissue equivalents
Single tissue equivalent analysis
Strain measurements were obtained at four different func-
tional size scales designated meso, matrix, cell, and nucleus
for a single tissue equivalent subjected to incremental
loading-unloading cycles. Representative images and asso-
ciated displacements at the various size scales and the
force-displacement data for both x and y image axes are
shown in Fig. 3. Tracking of mitochondria (cell) and nucleus
displacements was facilitated by application of mitotracker
and DS-Red vital fluorescent probes, respectively. Resultant
strain transfer ratio (STR) and strain data as measured at the
various size scales is shown in Table 1 and Fig. 4. Meso
level strains measured in parallel (1-direction) and perpen-
dicular (2-direction) to the in-plane cell axis were similar
throughout the stretch-unstretch cycle as would be expected
for equibiaxial loading. For clarity, subscripts refer to the
components of the 3  3 strain matrix where a prime indi-
cates that the values are valid in the transformed (cell) coor-
dinate system. Thus, ε011, refers to strains parallel to the longaxis of the cell, and ε022 and ε033 refer to strains perpendic-
ular to this axis (ε033 being parallel to the imaging axis by
definition). Meso level values for ε011 and ε022 at maximum
applied strain were 0.029 and 0.027, respectively. STR11
(0.492) and STR22 (0.448) were also found to be statistically
equivalent and represented roughly 80% of the macro level
STR (0.573). In contrast, micro level deformations of the
collagen fibrils located around the individual cell of interest
were greatest along the axis of the cell. This led to different
matrix level strain profiles and transfer ratios in the 1- and
2-directions with ε011 ¼ 0.048, ε022 ¼ 0.002, STR11 ¼
0.881, and STR22 ¼ 0.021. Strains at the cell level (as
approximated by mitochondrial displacement) were signifi-
cantly larger than at the macro level. Cell level ε011 and ε022
values were 0.075 and 0.092 with associated STR11 of
1.190, and STR22 of 1.850. Interestingly, the nucleus
demonstrated the greatest level of strain amplification
perpendicular to the in-plane cell axis or in the 2-direction,
with ε022 ¼ 0.244, and STR22 ¼ 3.99. In general, shear
components (ε012) were low on every level (Fig. 4 C),
whereas out-of-plane deformations (ε033) were very large
(Fig. 4 D). This yielded STRs ranging from about 2 to
7, with the greatest compressive strains occurring at the
meso level.
Multiple tissue equivalent analysis
To determine the reproducibility of cell-matrix strain re-
sponses, hierarchical strains and STR values were deter-
mined and compared for multiple different tissue
equivalents (Table 2, Figs. 5 and 6). Although analysis of
multiple constructs resulted in greater data variability,
observed trends were generally similar to those for a single
tissue equivalent. Symmetrical strain responses at all size
scales were observed when plotted as a function of the
incremental strain step for the stretch-unstretch cycleBiophysical Journal 102(6) 1303–1312
FIGURE 2 Macro level strain analysis for a speckled, cruciform-shaped,
fibroblast-seeded tissue equivalent (A; 1  105 cells/ml polymerized within
a 1 mg/ml collagen matrix; scale bar ¼ 5 mm). Macro level strains were
determined from digital image correlation analysis of 25 individual points
(white dots) within the central region of the specimen. Scatter plot of
average macro level strains (ε11, ε22, ε12) as a function of εapplied (B). Macro
level strains (ε11, ε22, ε12; mean5 SD) plotted as a function of medial posi-
tions along the X and Y axes (C). n ¼ 7.
1306 Bell et al.(Fig. 5, A–D). Moderate levels of strain were observed
parallel to the in-plane cell axis (ε011) ranging from 0.018
at the meso level to 0.055 at the cell level. Cell level
STR1 was 1.140 and statistically higher (p < 0.05) than
values for all the other size scales (Table 2, Fig. 6 A).
Nuclear and cell level strains directed perpendicular to the
in-plane cell axis were significantly higher (p < 0.05) than
those measured at the matrix and meso levels (Fig. 5, A–D).
In fact, ε022 values were 0.1625 0.097 and 0.1845 0.085
for cell and nuclear levels, respectively, with corresponding
STRs of 2.908 and 3.136 (Fig. 6 B). In general, strains in the
z direction of the imaging axis showed much greater varia-
tion than those in the x-y plane, which is likely attributable
to reduced z axis resolution (Fig. 5, A–D). In fact, z axisBiophysical Journal 102(6) 1303–1312resolution is roughly half that in the x-y plane. Significant
compressive out-of-plane (ε033) strains were observed at all
size scales, with the greatest level (0.287) being observed
atmaximum stretch for themeso level (Fig. 5D). The nucleus
experienced the least amount of out-of-plane compressive
strain with an STR3 of 1.710 (Fig. 6 C). As shown in Table 2
and Fig. 5, shear strains were low at all size scales with no
statistical differences observed (p > 0.05).DISCUSSION
Compared to traditional uniaxial loading of tissue explants
and engineered tissue constructs, biaxial loading provides
more accurate and physiologically meaningful insight into
connective tissue mechanics and mechanobiology. In fact,
due to the presence of mechanical anisotropy, uniaxial
data cannot be used for parameter estimation in generalized
3D constitutive equations, even if multidimensional strain
data from uniaxial experiments are available (20). Further-
more, application of biaxial testing has been motivated by
its amenability to modern biomechanical theories for
prediction of 3D tissue mechanical properties (20,21). As
such, we have designed and built a biaxial loading device
that 1), supports diverse multiaxial loading protocols,
including both static and dynamic cases; 2), allows control
and quantification of both force and deformation; 3),
provides homogeneity of stress and strain fields within the
central region of the specimen; 4), incorporates sterilizable
materials (e.g., polycarbonate and stainless steel) and envi-
ronmental control of temperature, humidity, and atmo-
spheric gas composition for maintenance/monitoring of
long-term cultures; 5), integrates effectively with inverted
microscopes (e.g., confocal) for analysis of cell and matrix
properties in 3D on various size scales; and 6), facilitates
maintenance of a stationary focal region within the spec-
imen for continuous monitoring.
The design of this device incorporated the collective
knowledge and previous strategies developed within our
laboratory and others. Early work involving planar biaxial
testing of intact tissues involved square-shaped specimens.
Multiple suture attachments were used to couple each side
to an actuator. This approach has been used to record macro
level stress-strain properties of various tissues including
rabbit skin and canine pericardium (22–24). Advancements
in hierarchical strain analysis of tissues and reconstituted
collagen constructs came with the integration of uniaxial
and biaxial testing devices and various imaging modalities.
More specifically, quantitative x-ray diffraction (25), con-
focal microscopy (26–28), polarized light microscopy
(29), small angle light scattering (30), elastic scattering
spectroscopy (31), and nonlinear optical microscopy
(second harmonic generation) (32) have all provided a valu-
able perspective into load-induced changes in the collagen
fibril microstructure and/or cellular morphology and
alignment. A major limitation of asymmetric deformation
FIGURE 3 Confocal fluorescence (A and C) and
reflected light (B) images of a representative tissue
equivalent and associated hierarchical displace-
ment fields for meso (A; scale bar ¼ 200 mm),
matrix (B; scale bar ¼ 20 mm), and cell (C; scale
bar ¼ 20 mm) levels. Arrows indicate relative
magnitude and direction of displacements as
measured during the stretch phase (maximum
stretch 1.5 mm) of an incremental, equibiaxial
stretch-unstretch cycle. Plot (D) shows associated
force-displacement data for both x and y image
axes. Arrows indicate stress relaxation that occurs
during image collection. Fluorescently labeled cell
bodies were used to track meso level strains (A).
Matrix, cell, and nuclear level strains were calcu-
lated from reflected light from collagen fibrils
(B), Mitotracker-stained mitochondria (C, blue
fluorescence), and DS-red stained nuclei (C, green
fluorescence), respectively.
Strain Analysis of Tissue Equivalents 1307associated with uniaxial loading is movement of the original
focal point within the specimen. However, this problem can
be remedied by application of digital volume correlation
techniques for realignment of 3D images (26). The most
common biaxial stretching device that is custom fitted to
interface with imaging instrumentation and idealized for
long-term culture represents orthogonal positioned lead
screws within a polycarbonate chamber. Although theseTABLE 1 Summary of hierarchical strain transfer ratios
and strain at maximum stretch for single tissue equivalent
subjected to incremental biaxial stretch-unstretch
(1.5 mm maximum stretch; nnucleus ¼ 20; ncell ¼ 20;
nmatrix ¼ 60; nmeso ¼ 100)
Size scale
Strain transfer ratio mean (STD)
STR1 STR2 STR3 STR12
Nucleus 0.900 (0.009) 3.990 (0.084) 2.01 (0.094) –
Cell 1.190 (0.015) 1.850 (0.035) 3.51 (0.153) 0.254 (0.027)
Matrix 0.881 (0.004) 0.021 (0.004) 2.03 (0.110) 0.097 (0.002)
Meso 0.492 (0.003) 0.448 (0.001) 6.71 (0.059) 0.021 (0.002)
Strain at maximum stretch mean (STD)
Size scale ε011 ε022 ε033 ε012
Nucleus 0.052 0.244 0.117 –
Cell 0.075 (0.004) 0.092 (0.004) 0.211 (0.004) 0.013 (0.003)
Matrix 0.048 (0.018) 0.002 (0.005) 0.162 (0.013) 0.006 (0.004)
Meso 0.029 (0.002) 0.027 (0.002) 0.340 (0.002) 0.005 (0.001)devices allow visualization and quantification of stretch-
induced cellular deformation and/or changes to matrix
microstructure (30,32), they are not able to measure associ-
ated forces statically or dynamically.
The specimen design, including arm length and arm
attachment radius are known to affect measurements and
the overall success of biaxial testing (33,34). Likewise, the
method of attachment has been found to be a critical
boundary condition (33). For tissue explants, multiple suture
connections have been commonly used to effectively
distribute applied loads to each side (24). However, alterna-
tive approaches are necessary for reconstituted matrices and
tissue equivalents because they unsuccessfully resist com-
pression and typically show decreased mechanical integrity
(e.g., suture retention strength) compared to intact tissues.
For these specimens, an interpenetrating scheme where
collagen is polymerized within a porous structure is
routinely applied. Examples of such porous structures that
are suited to transmit forces to the matrix include polyeth-
ylene mesh, porous polyethylene blocks, and hook-and-loop
fasteners (14,35,36). Recently, Knezevic and co-workers
(19) reported that porous polyethylene attachment blocks
occasionally separated from the matrix during culture. In
this study, hook-and-loop fasteners provided an effective
means of coupling the polymerized tissue construct spec-
imen to the actuators. Furthermore, finite element analysisBiophysical Journal 102(6) 1303–1312
FIGURE 4 Hierarchical strains: cell axis
(A, ε011), perpendicular in-plane (B, ε022), perpen-
dicular out-of-plane (C, ε033), and in-plane shear
(D, ε012) as a function of εapplied for a single fibro-
blast-seeded tissue equivalent. Data represent
stretch phase of an incremental, biaxial stretch-
unstretch cycle (maximum stretch 1.5 mm). Note
that graphs have different y axis ranges and scales.
Data points represent mean 5 SD (nnucleus ¼ 20;
ncell ¼ 20; nmatrix ¼ 60; nmeso ¼ 100).
1308 Bell et al.indicated that a 1 mm arm attachment radius maximized
stress/strain magnitudes and uniformity within the central
test region, while minimizing stress concentrations at the
grip interface.
Although several studies of cell structural changes in
response to tissue level deformations have been performed
(37–39), this work represents what to our knowledge is
the first to incorporate equibiaxial loading of tissue equiva-
lents with simultaneous cell-matrix strain analyses extend-
ing from the tissue (macro) level to the level of collagen
fibrils and subcellular components (e.g., mitochondria and
nucleus). Visualization and quantification of equibiaxial
load-induced deformations experienced at multiple size
scales was facilitated by interfacing the biaxial testing
device with a confocal microscope. Monitoring of backscat-
tered light generated from the collagen fibril microstructure
as well as specific cellular probes allowed incremental
monitoring of 3D deformations experienced within a single
live tissue construct as we have described previously (40).TABLE 2 Summary of hierarchical strain transfer ratios and strain a




Nucleus 0.567 (0.672)X,A 3.136 (1.321)Y
Cell 1.140 (0.760)X,B 2.908 (1.521)Y
Matrix 0.441 (0.316)X,A 0.536 (0.472)X
Meso 0.320 (0.227)X,A 0.460 (0.160)X
Strain a
Size scale ε011 ε022
Nucleus 0.030 (0.035) 0.184 (0.085)
Cell 0.055 (0.043) 0.162 (0.097)
Matrix 0.027 (0.018) 0.030 (0.026)
Meso 0.018 (0.011) 0.026 (0.008)
First and second superscript letters indicate Tukey-Kramer groupings based on s
and between size scales for a given STR (vertical), respectively (p < 0.05).
Biophysical Journal 102(6) 1303–1312Fluorescently labeled mitochondria were used to calculate
intracellular strains, because mitochondria are known to
form a dynamic network with associations with cytoskel-
eton components (e.g., microtubules) (41). Mitochondria
have been used previously in mechanobiology studies
involving smooth muscle cells (42) and articular chondro-
cytes (43). However, to the best of our knowledge, this is
the first report of mitochondria-based intracellular strain
measurement for fibroblast-seeded tissue equivalents sub-
jected to biaxial loads. In addition, nuclear level strains
were quantified because it has been shown that the nucleus
is physically and mechanically connected to a small subset
of cytoskeletal actin fibers (perinuclear actin fibers) via
linker of nucleoskeleton and cytoskeleton complexes, and
cell deformations have been postulated to affect chromatin
structure and gene expression (44,45).
Previous studies by our laboratory and others involving
uniaxial loading of collagen constructs with or without cells
indicate that the majority of component fibrils reorganizet maximum stretch for multiple tissue equivalents subjected to
7; nnucleus ¼ 22; ncell ¼ 22; nmatrix ¼ 22; nmeso ¼ 14)
in transfer ratio mean (STD)
STR3 STR12
,A 1.710 (2.027)Z,A –
,A 4.208 (1.087)Z,B 0.494 (0.481)X,A
,B 2.934 (1.299)Y,C 0.113 (0.116)X,A
,B 5.270 (0.893)Y,B 0.103 (0.126)X,A







0.220 (0.116) 0.057 (0.048)
0.168 (0.074) 0.010 (0.006)
0.287 (0.033) 0.007 (0.006)
tatistical comparison between directions for a given size scale (horizontal)
FIGURE 5 Principle and shear strains as
measured for tissue equivalents subjected to incre-
mental, biaxial stretch-unstretch cycles (maximum
stretch 1.5 mm, step 4). Hierarchical strains
were calculated relative to the cell axis for nucleus
(A), cell (B), matrix (C), and meso (D) levels. Data
points represent mean5 SD (N¼ 7; nnucleus¼ 22;
ncell ¼ 22; nmatrix ¼ 22; nmeso ¼ 14).
Strain Analysis of Tissue Equivalents 1309and align in the loading direction and produce structural and
mechanical anisotropy (25,27,31,40). This fibril reorganiza-
tion causes cells to primarily align in the direction of
maximum principle strain (46,47). It should be noted that
many fibrils, often oriented perpendicular to the loading
direction, do not resist the tensile load and in some cases
buckle (27,48). Biaxial loading preserves in-plane fibril
organization and allows the effects of fibril rotation to be
separated from those of pure strain (21). In this study, appli-
cation of biaxial loads to tissue equivalents yielded a macro-
scale STR of around 0.5 within the center region of thespecimen. This is approximately half of what we reported
previously for collagen-based constructs stretched uniax-
ially (27). This difference is likely caused by the increased
stiffness of biaxially deformed specimens relative to
uniaxial stretch. Furthermore, measured and predicted axial
strains increased with distance from the center of the cruci-
form-shaped specimen. Although fibrils within the central
region are relatively constrained in their orientation, signif-
icant strain is found in the arm regions where fibrils are
free to rotate in the direction of stretch (32). Meso level
(~500 mm length scale) and matrix (collagen fibril) levelFIGURE 6 Box plots of STR (at maximum
stretch) directed in-plane and parallel to (STR1;
A), in-plane and perpendicular to (STR2; B), and
out-of-plane (STR3; C) relative to the cell axis as
measured for tissue equivalents subjected to incre-
mental, biaxial stretch-unstretch cycles (maximum
stretch 1.5 mm). Letters indicate Tukey-Kramer
groupings based on statistical comparisons
between size scales (p < 0.05; N ¼ 7; nnucleus ¼
22; ncell ¼ 22; nmatrix ¼ 22; nmeso ¼ 14).
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1310 Bell et al.(~10–20 mm length scale) strains were similar to macro
level strains in all directions. However, as expected, meso
level strains were more uniform than those at the matrix level
because at smaller size scales material properties become
more heterogeneous. The scissoring and buckling of fibrils
contributed to large compressive strains in the thickness
direction of the specimens, which decreased progressively
as size scale decreased. Such a Poisson’s effect has been
reported previously for collagen-based materials subjected
to externally applied tensile loads (14,27) as well as contrac-
tile forces induced by resident fibroblasts (35).
Reversibility of strains on all levels indicated that
measurements were elastic in nature and showed reliability
of strain measurement techniques. A detailed study of the
spatial variation of strain in relation to the cell body/axis
was not performed in this study but has been the subject
of our previous work (49). In this study, strain measure-
ments were made on a regular grid centered over the cell
body. A brief analysis of the relationship between strain
magnitude and the Euclidean distance from the cell center
did not reveal a significant trend. This apparent lack of
spatial dependency could be related to the continuum
approach for quantifying strains (displacements of single
fibrils is overshadowed by the bulk response). Furthermore,
the limited field of view at high magnification includes only
the cell body and immediate surroundings, making it impos-
sible to determine exactly how strains approach bulk prop-
erties over longer distances.
The most striking result of this work was the amplifica-
tion of off-axis cellular (mitochondria) and nuclear strains.
It has been shown that fibroblasts in 3D collagen matrices
contract surrounding fibrils in an effort to create a tensional
homeostasis (15,16,46). This deformation is initiated within
the first several hours following cell seeding and dependent
on the fibril microstructure and stiffness of the surrounding
collagen matrix (49). Cell driven compaction of cruciform-
shaped specimens has been shown to yield region-specific
fibril alignment patterns and sample retractions that are
dependent upon the cruciform arm aspect ratio after a
2-week culture period (32,50,51). In this study, tissue
constructs were cultured 20 to 24 h before testing to allow
sufficient time for cell adhesion while minimizing the
extent of matrix remodeling. Cells send out cytoplasmic
projections to probe their extracellular microenvironment,
a process that it is dependent not only on the fibril micro-
structure but also the matrix stiffness (11,12,49). Through
an integrin-mediated process, cells form cell-matrix adhe-
sions that physically connect collagen fibrils to the actin
cytoskeleton. The molecular composition, morphology,
and spatial distribution of these adhesion sites along the
cell surface is dynamic and largely dependent on the balance
of force exerted by the contractile machinery of the cell and
the resistance offered by the matrix (52). Ultimately, the
cells remodel nearby collagen fibrils and adapt their shape
and stiffness (cytoskeletal composition and organization)Biophysical Journal 102(6) 1303–1312in a process that is likely associated with minimization of
work (53,54). It is plausible that this modulation in cell
mechanics (stiffness) and associated local matrix anisotropy
and modulation of cell stiffness contribute to altered
patterns of strain transfer such that off-axis strains at the
cellular and nuclear levels are amplified. Although this is
the first report, to our knowledge, of such strain amplifica-
tion for equibiaxial-loaded fibroblast seeded tissue equiva-
lents, amplification of nuclear strains has been reported
previously for articular cartilage loaded in compression
(55) and tendon explants subjected to uniaxial tension
(56). It is also important to note that the observed strain
transfer properties further support the notion that the
nucleus is effectively tethered to the cytoskeleton, respon-
sive to matrix-induced cell deformation, and therefore an
important player in the mechanotransduction process.
In conclusion, this computer-controlled, biaxial mechan-
ical testing device was designed to facilitate performance of
detailed multiaxial mechanical studies on living tissue
explants or engineered tissue equivalent for purposes of
identifying associated mechanisms of strain transfer of non-
affine cell-ECM interactions and mechanotransduction.
Application of this device to fibroblast populated collagen
constructs provided new perspective into how macroscale
strains due to equibiaxial loads are transferred from the
macroscale to cellular and nuclear levels. Collectively,
such information will play an important role in calibrating
and validating mechanical models, which will ultimately
be used to intelligently design strain regimens to guide
cell fate.SUPPORTING MATERIAL
Materials and Methods, a figure, and references are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(12)00207-X.
Special thanks to Kirk Foster and Jim Jones for their guidance and input
related to the design and implementation of the biaxial testing device.
This research was funded in part by the National Institute for Biomedical
Imaging and Bioengineering grant 1R01EB000165 (to S.L.V.-H.). The
authors declare no conflicts of interest.REFERENCES
1. Discher, D., C. Dong, ., S. Weinbaum. 2009. Biomechanics: cell
research and applications for the next decade. Ann. Biomed. Eng.
37:847–859.
2. Guilak, F., D. M. Cohen,., C. S. Chen. 2009. Control of stem cell fate
by physical interactions with the extracellular matrix. Cell Stem Cell.
5:17–26.
3. Barkhausen, T., M. van Griensven,., U. Bosch. 2003. Modulation of
cell functions of human tendon fibroblasts by different repetitive cyclic
mechanical stress patterns. Exp. Toxicol. Pathol. 55:153–158.
4. Howard, P. S., U. Kucich,., J. M. Korostoff. 1998. Mechanical forces
alter extracellular matrix synthesis by human periodontal ligament
fibroblasts. J. Periodontal Res. 33:500–508.
Strain Analysis of Tissue Equivalents 13115. He, Y., E. J. Macarak, ., P. S. Howard. 2004. Compression and
tension: differential effects on matrix accumulation by periodontal
ligament fibroblasts in vitro. Connect. Tissue Res. 45:28–39.
6. Woodell, J. E., M. LaBerge,., R. H. Hilderman. 2003. In vitro strain-
induced endothelial cell dysfunction determined by DNA synthesis.
Proc. Inst. Mech. Eng. H. 217:13–20.
7. Wang, J. H., and B. P. Thampatty. 2006. An introductory review of cell
mechanobiology. Biomech. Model. Mechanobiol. 5:1–16.
8. Engler, A. J., S. Sen,., D. E. Discher. 2006. Matrix elasticity directs
stem cell lineage specification. Cell. 126:677–689.
9. Brown, T. D. 2000. Techniques for mechanical stimulation of cells
in vitro: a review. J. Biomech. 33:3–14.
10. Dahl, K. N., A. J. Ribeiro, and J. Lammerding. 2008. Nuclear shape,
mechanics, and mechanotransduction. Circ. Res. 102:1307–1318.
11. Bailey, J. L., P. J. Critser, ., S. L. Voytik-Harbin. 2011. Collagen
oligomers modulate physical and biological properties of three-
dimensional self-assembled matrices. Biopolymers. 95:77–93.
12. Kreger, S. T., B. J. Bell,., S. L. Voytik-Harbin. 2010. Polymerization
and matrix physical properties as important design considerations for
soluble collagen formulations. Biopolymers. 93:690–707.
13. Kreger, S. T., and S. L. Voytik-Harbin. 2009. Hyaluronan concentration
within a 3D collagen matrix modulates matrix viscoelasticity, but not
fibroblast response. Matrix Biol. 28:336–346.
14. Roeder, B. A., K. Kokini, ., S. L. Voytik-Harbin. 2002. Tensile
mechanical properties of three-dimensional type I collagen extracellular
matrices with varied microstructure. J. Biomech. Eng. 124:214–222.
15. Brown, R. A., R. Prajapati,., M. Eastwood. 1998. Tensional homeo-
stasis in dermal fibroblasts: mechanical responses to mechanical
loading in three-dimensional substrates. J. Cell. Physiol. 175:323–332.
16. Eastwood, M., D. A. McGrouther, and R. A. Brown. 1998. Fibroblast
responses to mechanical forces. Proc. Inst. Mech. Eng. H. 212:85–92.
17. Nekouzadeh, A., K. M. Pryse,., G. M. Genin. 2008. Stretch-activated
force shedding, force recovery, and cytoskeletal remodeling in contrac-
tile fibroblasts. J. Biomech. 41:2964–2971.
18. Wagenseil, J. E., E. L. Elson, and R. J. Okamoto. 2004. Cell orientation
influences the biaxial mechanical properties of fibroblast populated
collagen vessels. Ann. Biomed. Eng. 32:720–731.
19. Knezevic, V., A. J. Sim, ., J. W. Holmes. 2002. Isotonic biaxial
loading of fibroblast-populated collagen gels: a versatile, low-cost
system for the study of mechanobiology. Biomech. Model. Mechano-
biol. 1:59–67.
20. Sacks, M. S., and W. Sun. 2003. Multiaxial mechanical behavior of
biological materials. Annu. Rev. Biomed. Eng. 5:251–284.
21. Humphrey, J. D., P. B. Wells, ., A. T. Yeh. 2008. A theoretically-
motivated biaxial tissue culture system with intravital microscopy.
Biomech. Model. Mechanobiol. 7:323–334.
22. Chew, P. H., F. C. Yin, and S. L. Zeger. 1986. Biaxial stress-strain prop-
erties of canine pericardium. J. Mol. Cell. Cardiol. 18:567–578.
23. Lanir, Y., and Y. C. Fung. 1974. Two-dimensional mechanical proper-
ties of rabbit skin. II. Experimental results. J. Biomech. 7:171–182.
24. Lanir, Y., and Y. C. Fung. 1974. Two-dimensional mechanical proper-
ties of rabbit skin. I. Experimental system. J. Biomech. 7:29–34.
25. Purslow, P. P., T. J. Wess, and D. W. Hukins. 1998. Collagen orientation
and molecular spacing during creep and stress-relaxation in soft
connective tissues. J. Exp. Biol. 201:135–142.
26. Roeder, B. A., K. Kokini,., S. L. Voytik-Harbin. 2004. Local, three-
dimensional strain measurements within largely deformed extracellular
matrix constructs. J. Biomech. Eng. 126:699–708.
27. Roeder, B. A., K. Kokini, and S. L. Voytik-Harbin. 2009. Fibril micro-
structure affects strain transmission within collagen extracellular
matrices. J. Biomech. Eng. 131:031004.
28. Voytik-Harbin, S. L., B. A. Roeder,., J. P. Robinson. 2003. Simulta-
neous mechanical loading and confocal reflection microscopy for
three-dimensional microbiomechanical analysis of biomaterials and
tissue constructs. Microsc. Microanal. 9:74–85.29. Tower, T. T., M. R. Neidert, and R. T. Tranquillo. 2002. Fiber alignment
imaging during mechanical testing of soft tissues. Ann. Biomed. Eng.
30:1221–1233.
30. Billiar, K. L., andM.S. Sacks. 1997.Amethod to quantify the fiber kine-
matics of planar tissues under biaxial stretch. J. Biomech. 30:753–756.
31. Kostyuk, O., and R. A. Brown. 2004. Novel spectroscopic technique
for in situ monitoring of collagen fibril alignment in gels. Biophys. J.
87:648–655.
32. Hu, J. J., J. D. Humphrey, and A. T. Yeh. 2009. Characterization of
engineered tissue development under biaxial stretch using nonlinear
optical microscopy. Tissue Eng. Part A. 15:1553–1564.
33. Sun, W., M. S. Sacks, and M. J. Scott. 2005. Effects of boundary condi-
tions on the estimation of the planar biaxial mechanical properties of
soft tissues. J. Biomech. Eng. 127:709–715.
34. Smits, A., D. Van Hemelrijck, ., A. Cardon. 2006. Design of a
cruciform specimen for biaxial testing of fibre reinforced composite
laminates. Compos. Sci. Technol. 66:964–975.
35. Kolodney, M. S., and R. B. Wysolmerski. 1992. Isometric contraction
by fibroblasts and endothelial cells in tissue culture: a quantitative
study. J. Cell Biol. 117:73–82.
36. Eschenhagen, T., C. Fink, ., E. L. Elson. 1997. Three-dimensional
reconstitution of embryonic cardiomyocytes in a collagen matrix:
a new heart muscle model system. FASEB J. 11:683–694.
37. Guilak, F. 1995. Compression-induced changes in the shape and
volume of the chondrocyte nucleus. J. Biomech. 28:1529–1541.
38. Lee, D. A., and D. L. Bader. 1995. The development and characteriza-
tion of an in vitro system to study strain-induced cell deformation in
isolated chondrocytes. In Vitro Cell. Dev. Biol. Anim. 31:828–835.
39. Helmke, B. P., and P. F. Davies. 2002. The cytoskeleton under external
fluid mechanical forces: hemodynamic forces acting on the endothe-
lium. Ann. Biomed. Eng. 30:284–296.
40. Voytik-Harbin, S. L., B. Rajwa, and J. P. Robinson. 2001. Three-
dimensional imaging of extracellular matrix and extracellular matrix-
cell interactions. Methods Cell Biol. 63:583–597.
41. Ball, E. H., and S. J. Singer. 1982. Mitochondria are associated with
microtubules and not with intermediate filaments in cultured fibro-
blasts. Proc. Natl. Acad. Sci. USA. 79:123–126.
42. Hu, S., J. Chen, ., N. Wang. 2003. Intracellular stress tomography
reveals stress focusing and structural anisotropy in cytoskeleton of
living cells. Am. J. Physiol. Cell Physiol. 285:C1082–C1090.
43. Knight, M. M., Z. Bomzon,., D. L. Bader. 2006. Chondrocyte defor-
mation induces mitochondrial distortion and heterogeneous intracel-
lular strain fields. Biomech. Model. Mechanobiol. 5:180–191.
44. Stewart-Hutchinson, P. J., C. M. Hale,., D. Hodzic. 2008. Structural
requirements for the assembly of LINC complexes and their function in
cellular mechanical stiffness. Exp. Cell Res. 314:1892–1905.
45. Khatau, S. B., C. M. Hale,., D. Wirtz. 2009. A perinuclear actin cap
regulates nuclear shape. Proc. Natl. Acad. Sci. USA. 106:19017–19022.
46. Eastwood, M., V. C. Mudera,., R. A. Brown. 1998. Effect of precise
mechanical loading on fibroblast populated collagen lattices: morpho-
logical changes. Cell Motil. Cytoskeleton. 40:13–21.
47. Lee, E. J., J. W. Holmes, and K. D. Costa. 2008. Remodeling of engi-
neered tissue anisotropy in response to altered loading conditions. Ann.
Biomed. Eng. 36:1322–1334.
48. Susilo, M. E., B. A. Roeder,., E. A. Nauman. 2010. Development of
a three-dimensional unit cell to model the micromechanical response of
a collagen-based extracellular matrix. Acta Biomater. 6:1471–1486.
49. Pizzo, A. M., K. Kokini, ., S. L. Voytik-Harbin. 2005. Extracellular
matrix (ECM) microstructural composition regulates local cell-ECM
biomechanics and fundamental fibroblast behavior: a multidimensional
perspective. J. Appl. Physiol. 98:1909–1921.
50. Jhun, C. S., M. C. Evans, ., R. T. Tranquillo. 2009. Planar biaxial
mechanical behavior of bioartificial tissues possessing prescribed fiber
alignment. J. Biomech. Eng. 131:081006.Biophysical Journal 102(6) 1303–1312
1312 Bell et al.51. Sander, E. A., T. Stylianopoulos,., V. H. Barocas. 2009. Image-based
multiscale modeling predicts tissue-level and network-level fiber reor-
ganization in stretched cell-compacted collagen gels. Proc. Natl. Acad.
Sci. USA. 106:17675–17680.
52. Katz, B. Z., E. Zamir,., B. Geiger. 2000. Physical state of the extra-
cellular matrix regulates the structure and molecular composition of
cell-matrix adhesions. Mol. Biol. Cell. 11:1047–1060.
53. Bischofs, I. B., S. A. Safran, and U. S. Schwarz. 2004. Elastic interac-
tions of active cells with soft materials. Phys. Rev. E. 69:021911.Biophysical Journal 102(6) 1303–131254. Bischofs, I. B., and U. S. Schwarz. 2003. Cell organization in soft
media due to active mechanosensing. Proc. Natl. Acad. Sci. USA.
100:9274–9279.
55. Upton, M. L., C. L. Gilchrist, ., L. A. Setton. 2008. Transfer of
macroscale tissue strain to microscale cell regions in the deformed
meniscus. Biophys. J. 95:2116–2124.
56. Arnoczky, S. P., M. Lavagnino, ., A. Hoonjan. 2002. In situ cell
nucleus deformation in tendons under tensile load; a morphological
analysis using confocal laser microscopy. J. Orthop. Res. 20:29–35.
